Introduction
Several anti-PD-1, anti-PD-L1, and anti-CTLA-4 antibodies (Table 1) are currently being investigated, alone and in combination, for the treatment of hepatocellular carcinoma (HCC), and this field is advancing rapidly. This Editorial will review the latest data on the use of immune checkpoint inhibitors in HCC, including combination strategies.
Cancer Immunity Cycle
The major histocompatibility complex on antigen-presenting cells recognizes tumorassociated antigens on the surface of cancer cells and presents the antigen to T-cell receptors on immature T cells upon migration of antigen-presenting cells to the lymph nodes. Immature T cells are not activated by antigen stimulation (first signal) alone, but also require an activating costimulatory signal (second signal). The second signal is provided by the binding of However, 30-40% of patients did not respond at all, and disease progressed quickly in some of these patients. This could be a limitation of nivolumab monotherapy. In summary, treatment of HCC with nivolumab monotherapy yielded similarly durable responses as have been seen in other types of cancer. This is characteristic of immune checkpoint inhibitors and merits attention. Evaluation of adverse reactions showed a very low incidence of grade 3-4 increased aspartate aminotransferase levels (9 patients, 4%) and increased alanine aminotransferase levels (6 patients, 3%), which were the most concerning treatmentrelated adverse reactions. These results demonstrated that nivolumab resulted in comparable hepatic impairment in HCC as in other cancers. Though serious hepatic impairment associated with viral hepatitis had been a concern, not one case was reported.
The results of this trial can be summarized in three points, as follows: First, monotherapy with the anti-PD-1 antibody nivolumab showed a sufficiently favorable safety profile in HCC, similar to the safety profile observed in other types of cancer. Second, nivolumab can be used safely in patients infected with HBV or HCV. Third, immunotherapy yielded a relatively high response rate, and the responses were durable. This durability was observed at all dose levels and in all cohorts (uninfected, HBV-infected, and HCV-infected patients).
When follow-up data were reported at the 2017 annual meeting of the American Society of Clinical Oncology (ASCO), overall survival (OS) rates were remarkably favorable, at 28.6 months in sorafenib-naïve patients and 15.6 months in sorafenib-experienced patients.
A head-to-head phase III trial of nivolumab and sorafenib (the CheckMate 459 trial) has been performed (Table 3 ; Fig. 1) ; however, the press release by Bristol-Myers Squibb on June 24, 2019 announced results from CheckMate-459 study nivolumab as a first-line treatment for patients with unresectable HCC were negative. The trial did not achieve statistical significance for its primary endpoint of overall survival per the pre-specified analysis (HR = 0.85 [95% CI: 0.72-1.02]; p = 0.0752). While CheckMate-459 did not reach its pre-specified primary endpoint, the results showed a trend towards improvement in OS for patients treated with nivolumab compared to sorafenib (https://news.bms.com).
Pembrolizumab

Phase II KEYNOTE-224 Trial
Pembrolizumab is a potent, highly selective humanized IgG4/κ monoclonal antibody that directly inhibits the binding of PD-1 to its ligands, PD-L1 and PD-L2. It has already been approved for the treatment of melanoma, non-small cell lung cancer, squamous cell carcinoma, gastric cancer, urothelial cancer, and classical Hodgkin's lymphoma [3, 4] . Pembrolizumab was also granted accelerated approval by the FDA on November 10, 2018, as a second-line agent for HCC to be used after treatment with sorafenib, based on the results of the phase II KEYNOTE-224 trial [5] . The KEYNOTE-224 trial was a non-randomized, multicenter, open-label, phase II trial. There were 47 participating institutions from 10 countries, and 104 patients were enrolled from June 7, 2016 , to February 9, 2017. The main inclusion criteria were (1) a histopathologically confirmed diagnosis, (2) documented radiographic progression after stopping treatment with sorafenib or intolerance to sorafenib, (3) an Eastern Cooperative Oncology Group (ECOG) performance status of 0-1, (4) a Child-Pugh classification of A, and (5) adequate organ function.
Efficacy results from the trial were as follows. As of the data cut-off date of February 13, 2018, a total of 17 patients (16%) were still being treated with pembrolizumab. The median duration of follow-up was 12.3 months (interquartile range, 7.6-15.1). Of the 104 patients, 18 responded, and the response rate was 17% (95% confidence interval [CI], [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Fortysix patients (44%) had stable disease, and 34 (33%) had progressive disease (PD). The median time to response was 2.1 months (interquartile range, 2.1-4.1). Of the 18 responders, 12 (67%) had achieved that response by the time of the initial response assessment by imaging evaluation, which was performed between weeks 8 and 10. The median duration of response was not reached (3.1-14.6+), but the duration of response was 9 months or longer in 12 patients (77%).
At the data cut-off date, death or PD was reported for 84 patients (81%; 60 deaths and 24 patients with PD). The median progression-free survival (PFS) was 4.9 months (95% CI, 3.9-8.0), and the median OS was 12.9 months (95% CI, 9.7-15.5) [5] .
Safety results from the trial were as follows. At least one adverse event (AE) was observed in 101 patients (97%). Treatment-related adverse events (TRAEs) were observed in 76 patients (73%), and serious TRAEs were observed in 16 of these patients (15%). Grade 3 TRAEs, specifically increased aspartate aminotransferase (7 patients, 7%) and fatigue (4 patients, 4%), were observed in 25 patients (24%). The only grade 4 TRAE was hyperbilirubinemia, which was observed in 1 patient (1%). There was also 1 treatment-related death from ulcerative esophagitis. Immune-mediated AEs were observed in 15 patients (14%). These included hypothyroidism (8%) and adrenal insufficiency (3%). Grade 3 immunemediated AEs were adrenal insufficiency (2 patients), severe skin toxicity (1 patient), and type 1 diabetes mellitus (1 patient). Immune-mediated hepatitis was observed in 3 patients (3%), but hepatitis B or C flares were not observed.
PD-L1 expression is an established predictor of response to the anti-PD-1 antibody pembrolizumab in other solid tumors, particularly non-small cell lung cancer and gastric cancer. Immune cell infiltration is related to clinical efficacy in HCC as well [6] .
In this trial, tissue samples for pathological evaluation were obtained from 52 of the 104 enrolled patients. Of these, 47 were archival samples and the other 5 were newly obtained biopsy samples. There was no significant difference in patient characteristics between this subgroup of 52 patients and the overall patient population. In particular, the lack of difference in critical prognostic factors such as alpha-fetoprotein levels, Barcelona Clinic Liver Cancer stage, ECOG performance status, extrahepatic spread, and macrovascular invasion makes this group a truly unbiased, representative sample of all enrolled patients. The objective response rate (ORR) differed very little between these 52 patients (13 of 52, 25%) and the overall patient population (17%).
The relationship between PD-L1 expression and response was evaluated. Two new indices of PD-L1 expression were used in this trial. The first was the combined positive score (CPS), which was defined as the number of PD-L1-positive cells (tumor cells, lymphocytes, and macrophages) divided by the total number of viable tumor cells and multiplied by 100. The second was the tumor proportion score (TPS), which was defined as the number of tumor cells that express PD-L1 (either partial or complete staining) divided by the total number of viable tumor cells and multiplied by 100. Twenty-two of the 52 patients (42%) were CPS positive, and 7 of 52 (13%) were TPS positive. An objective response (OR) was observed in 13 patients (25%). ORs were observed in significantly fewer CPS-negative patients (6 of 30, 20%) than CPS-positive patients (7 of 22, 32%) (p = 0.021). With respect to the TPS, ORs were observed in 3 of 7 TPS-positive patients (43%) and 10 of 45 TPS-negative patients (22%). Perhaps due to the small number of patients, the different in ORR between TPS-positive and TPS-negative patients was not significant (p = 0.088) [5] .
The same results were obtained for PFS; there was a significant difference for CPS (p = 0.026) but not TPS (p = 0.096). These results are consistent with those for nivolumab and may also reflect the tumor heterogeneity in biopsy sampling for HCC [2] .
In light of these results, the FDA approved pembrolizumab as a second-line agent for HCC in patients intolerant of or refractory to sorafenib.
Phase III KEYNOTE 240 Trial
The results of the KEYNOTE-240 trial were presented at ASCO 2019 (Fig. 2) . A total of 413 patients with BCLC B or C stage HCC were randomized at a 2: 1 ratio to treatment with pembrolizumab (n = 278) or placebo (n = 135). Stratification factors included geographic region (Asia, excluding Japan vs. non-Asia, plus Japan), macrovascular invasion (yes vs. no), and alpha-fetoprotein level (≥200 vs. < 200 ng/mL). Patients with main portal vein invasion were excluded (Fig. 2) .
Regarding post-study anticancer therapy, anti-PD-1/PD-L1 agents were given to 14 patients (10.4%) in the placebo arm and to 19 patients (6.8%) in the pembrolizumab arm. Other active agents, such as regorafenib, lenvatinib, cabozantinib, and ramucirumab, were given to 69 patients (24.8%) in the pembrolizumab arm and to 29 patients (21.5%) in the placebo arm. The safety profile, including the incidence of immune-related AEs and hepatitis, was similar to that of pembrolizumab in other cancer types; no HBV or HCV flares were identified [7] .
In this trial, the co-primary endpoints were PFS and OS, and interim analyses were performed twice. Therefore, the one-sided type I error (α) was determined using a splitsample analysis and OS testing was performed by group sequential design, as follows: PFS, α = 0.002; OS, α = 0.023; OS at the first interim analysis, α = 0.0064; OS at the second interim analysis, α = 0.0129; and OS at the final analysis, α = 0.0174 [7] . In the final analysis, the median OS was 13.9 months in the pembrolizumab arm, compared with 10.6 months in the placebo arm (HR, 0.781; 95% CI, 0.611-0.998; p = 0.0238). The final median PFS in the pembrolizumab arm was 3.0 months (95% CI, 2.8-4.1), compared with 2.8 months (95% CI, 1.6-3.0) in the placebo arm (HR, 0.718; 95% CI, 0.570-0.904; p = 0.0022). Both PFS and OS failed to reach the prespecified statistical significance (p = 0.002 for PFS and p = 0.0174 for OS). The ORR was 18.3% (95% CI, 14.0-23.4) in the pembrolizumab arm and 4.4% (95% CI, 1.6-9.4) in the placebo arm (p = 0.00007; odds ratio, 13.8 [7.7-19 .9]) [7] .
These results showed an apparent survival benefit of pembrolizumab over the placebo; however, this study unfortunately did not meet its primary endpoint of prolonging OS or PFS per prespecified statistical plan. As shown in Table 4 , the HR for OS in the pembrolizumab arm was comparable with that of other agents in the positive trials.
Tislelizumab
Tislelizumab is a humanized IgG4 antibody to PD-1, and a phase III trial of this antibody is ongoing. This trial follows a non-inferiority design (Non-inferiority margin, 1.08), unlike the other trials (Table 3 ; Fig. 3 ). Primary Endpoint  OS ( non-inferiority ) 
Secondary Endpoints
 ORR  PFS  DOR  TTP  HRQoL  DCR  CBR Adverse events Sorafenib 400 mg PO BID Eligibility (N=660)  Histologically confirmed diagnosis of HCC  BCLC stage B or C disease not amenable to or progressing after locoregional therapy and not amenable to a curative treatment approach  No prior systemic therapy for HCC  Measurable disease  Child-Pugh score A  ECOG PS ≤ 1  Adequate organ function
Combination Immunotherapy with other Treatment Modalities
Combination Therapy with a PD-1/PD-L1 Antibody and a CTLA-4 Antibody
Rationale Antibodies against PD-1, PD-L1, and CTLA-4 have all shown promise in HCC, and combination therapy for simultaneous inhibition of several immune checkpoints is another approach to immunotherapy that is currently being investigated in clinical trials. The observation that the combination of nivolumab plus ipilimumab yielded better treatment outcomes than ipilimumab monotherapy in melanoma [8, 9] has inspired the use of the same combination therapy for HCC [10, 11] A total of 148 patients with advanced HCC after sorafenib treatment were randomized 1: 1: 1 to Arms A, B, and C (Fig. 4) . The Arm A regimen consisted of four cycles of nivolumab at 1 mg/kg plus ipilimumab at 3 mg/kg every 3 weeks, followed by a 240-mg flat dose of nivolumab every 2 weeks. The Arm B regimen consisted of nivolumab at 3 mg/kg plus ipilimumab at 1 mg/kg, followed by a 240-mg flat dose of nivolumab every 2 weeks. The Arm C regimen consisted of nivolumab at 3 mg/kg every 2 weeks plus ipilimumab every 6 weeks. The primary endpoints were safety and tolerability, and ORR and duration of response were determined based on Response Evaluation Criteria in Solid Tumors (RECIST) 1.1. The ORR was 32% (16/50) in Arm A, 31% (15/49) in Arm B, and 31% (15/49) in Arm C. A complete response was seen in 8% of patients (n = 4) in Arm A and 6% of patients (n = 3) in Arm B. The median OS in Arms A, B, and C was 22.8 months (9.4-not evaluable), 12.5 months (7.6-16.4), and 12.7 months (7.4-33.0), respectively. The ORR was similar between patients with PD-L1 expression < 1 and > 1% [13] . The Arm A regimen seems to show the best survival benefit, with an acceptable safety profile [13] .
Phase III HIMALAYA Trial (Durvalumab plus Tremelimumab) Another phase I/II trial is investigating the efficacy and safety of combination therapy with the anti-PD-L1 antibody durvalumab and the anti-CTLA-4 antibody tremelimumab. According to phase I results from the trial presented at ASCO 2017, the response rate among 40 patients with HCC treated with durvalumab plus tremelimumab was 25.0%, which was better than that reported for patients treated with durvalumab alone [10] . These results led to the initiation of a phase III trial (the HIMALAYA trial), which is currently underway. It started as a four-arm study but was changed to a three-arm study with protocol amendments in October 2018. Essentially, it is a comparative trial of durvalumab plus tremelimumab, durvalumab alone, and sorafenib (Fig. 5 ).
Combination Immunotherapy with Locoregional Therapies
Another approach being investigated is the combination of immune checkpoint inhibitors with existing locoregional therapies for HCC. Transarterial chemoembolization (TACE), radiofrequency ablation (RFA), and radiotherapy can enhance the effects of immunotherapy because they activate the immune system by inducing local inflammation, which triggers release of neoantigens. These locoregional therapies would presumably be particularly beneficial when antigen release is poor and cancer antigens are not being released. Results from a trial that investigated the combination of locoregional therapy with an anti-CTLA-4 inhibitor for advanced HCC were published in 2016 [14] . This was an adjuvant trial in which patients with advanced HCC were treated with the anti-CTLA-4 antibody tremelimumab after undergoing RFA or TACE targeted only at certain nodular lesions. The results were favorable, with a partial response rate of 26%, a time to progression of 7.4 months, and an OS of 12.3 months. Increases in CD3-and CD8-positive cells were even observed in untreated nodules. This phenomenon is referred to as the abscopal effect.
Immune checkpoint inhibitors (anti-PD-1, anti-PD-L1, and anti-CTLA-4 antibodies) may be beneficial in a variety of settings, including as neoadjuvant therapy, adjuvant therapy after resection or ablation, or in combination with TACE (Fig. 6) . This is particularly significant for HCC due to its high recurrence rate even after curative therapies such as resection or RFA. Tiny microsatellite lesions typically undetectable on imaging are the main cause of recurrence after curative therapy. Clinical trials have investigated the efficacy of various adjuvant therapies (e.g., interferons, retinoids, vitamin K, and sorafenib) to address this problem, but these approaches have all failed (Table 2 ) [15] [16] [17] [18] .
However, when release of tumor antigen is induced by TACE or RFA, subsequent administration of an anti-PD-1 antibody may inhibit intrahepatic micrometastases [19] . Mizukoshi et al. [20] reported significant increases in tumor-specific T cells and tumor antigen release in 62% of patients after RFA. The authors also found that recurrence-free survival increased significantly with the increase in generation of tumor-specific T cells [20] . A phase III trial comparing recurrence-free survival between nivolumab and placebo after curative therapy (the CheckMate 9DX trial) is currently in progress (Table 5 ; Fig. 7 ). Another phase III trial, the EMERALD-2 trial (durvalumab ± bevacizumab vs. placebo after curative therapy), is also ongoing (Fig. 8) . A phase III trial of combination therapy with TACE and durvalumab and/or bevacizumab (the EMERALD-1 trial) is also underway (Fig. 9 ).
Combination Immunotherapy with Molecular Targeted Agents
Combinations of immune checkpoint inhibitors and molecular targeted agents have shown great promise in recent years. Vascular endothelial growth factor (VEGF)-A released by tumor cells and vascular endothelial cells at the tumor site activates and recruits numerous types of inhibitory immune cells, including tumor-associated macrophages, Tregs, and myeloid-derived suppressor cells, creating an immune-inhibitory microenvironment that favors tumor immune escape [21, 22] . These cells in turn release inhibitory cytokines (e.g., IL-10 and TGF-β) that impede dendritic cell maturation and inhibit NK and T cell activation and proliferation [22] . In the liver, stromal cells (e.g., Kupffer cells, dendritic cells, hepatic endothelial cells, and stellate cells) are believed to contribute to an immune-suppresive microenvironment [23] . Thus, inhibition of VEGF with an anti-VEGF antibody or a multi- kinase inhibitor whose targets include VEGF could lead to (1) improved antigen presentation by dendritic cells, (2) increased T-cell priming, and (3) improved trafficking from the lymph nodes to the tumor site through normalization of the tumor vasculature. This would also result in (4) regulation of the humoral factors TGF-β and IL-10 by inhibition of Tregs, tumorassociated macrophages, and myeloid-derived suppressor cells at the tumor site, promoting an inflammatory, rather than an inhibitory, immune microenvironment in the tumor. This would ultimately (5) enable activated T cells to effectively attack the tumor and induce necrosis [21] . In fact, nonclinical studies of combination therapy with pembrolizumab and lenvatinib have demonstrated that exclusion of tumor-associated macrophages and Tregs from the tumor microenvironment results in decreased production of TGF-β and IL-10, as well as decreased expression of PD-1 and TIM-3. This suggests that proinflammatory cytokines such as IL-12 could induce antitumor immunity [24] . Several clinical trials investigating the combination of immune checkpoint inhibitors and molecular targeted therapies have been initiated to test this hypothesis ( Table 6) . As reported at the European Society for Medical Oncology (ESMO) congress in 2016 and the ASCO annual patients were evaluated for safety and efficacy, the ORR per RECIST 1.1 was 53.3%, the disease control rate was 90.0%, and 6.7% of patients had PD. PFS was also a favorable 9.7 months. The median duration of response was 8.3 months [25] . The other trial investigated the combination of the PD-L1 antibody atezolizumab with the anti-VEGF antibody bevacizumab. At the time of the 2018 ASCO annual meeting, the response rate among the 23 patients was 65% using RECIST 1.1. These high response rates generated considerable excitement in the field [26] . However, the updated data presented at the ESMO congress in 2018 showed that the ORR and disease control rate dropped to 32 and 77%, respectively [27] . Currently, a phase III trial of this combination, IMbravel 150, is ongoing (Fig. 11) . The third trial investigated the combination of the anti-PD-1 antibody SHR1210 with apatinib and enrolled 18 patients; the outcomes were promising (response rate, 38.9%; disease control rate, 83.3%; PFS, 7.2 months) [28] . At the 2019 ASCO annual meeting, results of a combination trial of avelumab and axitinib were also presented [29] (Table 7) .
Another phase III trial, COSMIC-312, is investigating the combination of cabozantinib and atezolizumab (Fig. 12) . Table 7 shows the summary of several combination immunotherapy trials to date. These results could change when these combination treatments are investigated in larger numbers of patients, and results of the phase III IMbrave150 trial of atezolizumab plus bevacizumab and the LEAP-002 trial of lenvatinib plus pembrolizumab are eagerly awaited. Tables 2 and  3 and Figure 13 show ongoing clinical trials of immunotherapies. 
